Asbestos has been described as a physical carcinogen in that its carcinogenic effects appear to be related primarily to fiber dimensions. It has been hypothesized that long asbestos fibers may interfere with chromosome distribution during cell division, causing genomic changes that lead to cell transformation and neoplastic progression. Using highresolution time-lapse light microscopy and serial-section electron microscopy, we have followed individual crocidolite asbestos fibers through the later stages of cell division in LLC-MK2 epithelial cells, and have detailed for the first time their effect on cytokinesis. We found that long fibers (15-55 |im), trapped by the cleavage furrow, sterically blocked cytokinesis, sometimes resulting in the formation of a binucleated cell. The ends of blocking fibers were usually found within imaginations of the newly formed nuclei. Nuclear envelope-fiber attachment was evident when a chromatin strand ran with the fiber into the intercellular bridge. Such strands may break, causing chromosome structural rearrangements. Our data are the first to show that individual crocidolite fibers can cause genomic changes by sterically blocking cytokinesis and that fiber length and affinity for the nuclear envelope are important factors. Such genomic changes may be among the initial events leading to asbestos-induced cancers.
Introduction
Asbestos exposure has long been linked to various diseases, including lung cancer, pulmonary interstitial fibrosis (asbestosis), and malignant mesotheliomas of the pleura, pericardium and peritoneum (reviewed in Refs 1,2). The mechanisms by which asbestos fibers cause disease are largely unknown, although it is widely regarded that physical dimensions, durability, and surface characteristics of fibers are all important factors contributing to disease development (reviewed in Refs 2-4).
There is strong evidence that asbestos is a complete carcinogen, both initiating and promoting tumorigenesis (reviewed in Ref. 4) . It may accomplish this by causing genomic changes that activate oncogenes and eliminate tumor suppressor genes from the genome (5, 6) . Indeed, non-random chromosomal abnormalities such as deletions, translocations, and aneuploidy O Oxford University Press of specific chromosomes are associated with asbestos-induced mesotheliomas and bronchogenic carcinomas (7-12). Numerous cytogenetic abnormalities, including chromosome aberrations and polyploidy, have also been reported in cultured cells treated with various kinds of mineral fibers, including different types of asbestos (6, 7, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . It has been hypothesized that asbestos fibers cause genomic changes by interfering sterically with chromosome behavior during cell division (19, (25) (26) (27) (28) . The cytotoxic potency and transforming ability of asbestos fibers, particularly those of crocidolite, indeed appear to be related to fiber dimensions, rather than to fiber chemistry. Long (35 8 ) j.m), thin (=s 0.25 fim) fibers are generally more toxic than shorter, thicker ones (2, 22, (29) (30) (31) and are therefore thought to be more efficient at disrupting chromosome behavior (19, (25) (26) (27) 32) .
Asbestos-induced genomic changes could theoretically occur during either mitosis or cytokinesis of cell division. We have previously studied the behavior of crocidolite fibers during mitosis in living newt lung epithelial cells by directly following individual fibers using high-resolution time-lapse videoenhanced light microscopy (32) . Although fibers showed no affinity for chromosomes and were usually displaced easily by them, fibers were observed that could potentially disrupt chromosome behavior and cause chromosomal abnormalities. These fibers appeared to be stuck in the intermediate-filament cage surrounding the mitotic spindle and remained stationary when struck by moving chromosomes (32) . They have the potential to cause aneuploidy, by blocking the poleward movement of a chromosome during anaphase, and to cause chromosome structural rearrangements, when the snagged chromosome breaks under the tension caused by the strong poleward pull created by the spindle (33) .
The possibility that asbestos fibers may cause genomic changes by interfering with the normal events of cytokinesis is suggested by their ability to induce binucleation. An increased frequency of bi-and multinucleated cells has often been observed in cell cultures exposed to various kinds of mineral fibers, including different asbestos types (6, 7, 10, (16) (17) (18) (19) (20) (21) 24) . It has been hypothesized that binucleated cells may result when a fiber becomes trapped between the two separating groups of anaphase chromosomes and acts as a physical barrier to the cleavage furrow during cytokinesis (22) (23) (24) 28, 34) . Indeed, long fibers have been found in the intercellular bridge of dividing cells, and in cells containing multinuclei (17) . Kenne et al. (17) followed, for up to 5 days, Chinese hamster ovary cells containing crocidolite fibers, using time-lapse cinematography, and reported abnormal cell divisions that resulted in multi-and micronucleated cells. These cell division abnormalities included abnormal nuclear divisions and failure to undergo cytokinesis. However, the behavior of individual crocidolite fibers and the sequential events of cell division have not been documented in detail, which would determine unequivocally: (i) whether and how asbestos fibers inhibit cytokinesis; (ii) how they induce binucleation; and (iii) the fate of long asbestos fibers within the intercellular bridge of dividing cells.
To further our understanding of the effects of crocidolite asbestos on cell division, we studied individual crocidolite fibers within dividing LLC-MK 2 monkey epithelial cells, using high-resolution time-lapse video-enhanced light microscopy and serial-section electron microscopy. LLC-MKj cells were selected because they are primate epithelial cells that divide normally in culture and are extremely suitable for highresolution cytological studies (34) . Individual crocidolite fibers and their interactions with various cellular organelles can be easily followed throughout the cell cycle in these non-migratory cells. We therefore followed individual crocidolite fibers in living LLC-MK 2 cells through mitosis, cytokinesis and the subsequent interphase, and have detailed for the first time, the various sequential events that may occur within dividing cells containing long (s= 15 |im) crocidolite fibers.
Materials and methods

Cell culture and fibers
Stock cultures of the rhesus monkey kidney epithelial cell line LLC-MK 2 (American Type Culture Collection, Rockville, MD) were grown within 75-cm 2 T-flasks at 37°C in Hepes-buffered L-15 medium containing 10% fetal calf serum, 100 i.uVml penicillin, 100 (ig/ml streptomycin and 50 i.uVml mycostatin. Cells were enzymatically removed from the flasks, pipetted into Petri dishes containing medium and a 25-mm 2 glass coverslip, and incubated at 37°C. International Union Against Cancer crocidolite asbestos (a kind gift from Dr T.M.Fasey, Mount Sinai Medical Center, New York, NY), at final concentrations ranging between 0.3 and 1.0 mg/ml, was added to subconfluent coverslip cultures. The lengths of 1000 randomly-selected fibers in four coverslip cultures were calculated from phase-contrast images that were printed at a final magnification of 2000X and calibrated with a stage micrometer. The fibers had a mean length of 8.19 |im ± 8.05 (SD) (median = 6.0 urn). The percentage of fibers in each length class was: less than 5.0 urn (42.9%), 5.0-9.9 |im (30.6%), 10.0-14.9 urn (14.9%) and 15.0-55.0 urn (11.4%).
Many fibers were phagocytized within 20-48 h after crocidolite asbestos was added to the medium (34) . The coverslip cultures of asbestos-containing cells were then mounted on microperfusion chambers (28, 35, 36) with fresh medium and placed on a heated (37°C) microscope stage (37) . These chambers allowed cells to be examined with high-resolution optics as well as perfused periodically (every 1-2 h) with fresh medium to maintain cell viability during filming (up to 48 h). Filming was not extended beyond 48 h because of the health concerns for the cells due to the small volume of the microperfusion chamber. Although granulation of some cells increased during the longer filming periods, membrane ruffling and saltatory microtubule-mediated transport of absestos fibers indicated continued cell viability.
Video-enhanced light microscopy
Living-cell observations presented in this study were based on a total of 39 dividing cells, 26 containing asbestos and 13 controls. Selected cells between prophase and telophase of mitosis were filmed in time-lapse for 1 to 48 h using framing rates of 2 to 15 frames/min. The video-enhanced light microscopic system used consisted of a Nikon Optiphot differential-interferencecontrast light microscope equipped with X60 (numerical aperture •= 1.4) and X40 (numerical aperture = 0.85) objectives. Cells were illuminated with shuttered, monochromatic (546 nm) heat-filtered light. The microscope was coupled to a Hamamatsu C2400 Chalnicon camera, the output of which was routed through an Image-1 image processor (Universal Imaging Corp., West Chester, PA). Image processing was used to eliminate background optical noise within the system and to enhance the signal:noise ratio by averaging the image over 16 frames. After processing, the image was ported to and stored on Panasonic TQ-FH224 optical memory disks using a Panasonic TQ-2028 optical memory disk recorder (ADCO Aerospace, Fort Lauderdale, FL). For producing figures, selected video images were photographed with a freezeframe video recorder (Polaroid Corp., Cambridge, UK) onto Plus-X film (Eastman Kodak Co., Rochester, NY) that was subsequently developed in Rodinal (AGFA Corp., Ridgefield Park, NJ).
Data analysis
The following parameters were determined from the video records of each cell for which the data were available: (a) the time of anaphase onset; (b) the time that furrowing began; (c) the initial diameter of the equatorial region of the cell just prior to furrowing; (d) the time required for the furrow to reach X2/3 and Xl/3 of its original diameter, and (e) the center-to-center distance between daughter nuclei of asbestos-treated cells during late telophase and just prior to cessation of filming.
The average furrowing rate (jim/min) was calculated for three periods during cleavage in asbestos-containing and control cells. The three periods were-(1) the first third of cleavage, which was from the start of furrowing to the point at which the equatorial diameter was two-thirds of its original prefurrowing diameter, (2) the second third of cleavage, which was the time during which the equatorial diameter went from two-thirds to one-third of its original diameter, and (3) the first two-thirds of cleavage, which was from the start of furrowing to the point at which the diameter was 1/3 of the original (for details, see Ref. 38) . Furrowing rates after the first two-thirds of cleavage were not determined, since the presence of fibers in the interzonal region often prevented further narrowing of the intercellular bridge.
Electron microscopy
Asbestos-treated coverslip cultures were fixed for 5 min in 2% glutaraldehyde/ 1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.2). The fixative was made up immediately prior to fixation by mixing buffered glutaraldehyde with buffered osmium tetroxide The cells were post-fixed for 1-2 min in 0.1% ruthenium tetroxide to enhance contrast of membranes, stained for 1 h with 2% aqueous uranyl acetate, dehydrated in a graded acetone series, and flatembedded in Epon/Araldite. To facilitate thin sectioning and prevent tearing and distortion of areas containing asbestos, the fibers were removed from the Epon-Araldite embedment by a brief treatment with hydrofluoric acid at 4°C, leaving a hole equivalent to the fiber's dimensions (34, 36) . Selected cells were serially thin-sectioned (70 run) with a diamond knife using a Sorvall MT-6000 ultramicrotome. The ribbons of serial sections were mounted on Formvar-coated single-oval grids and stained with uranyl acetate and lead citrate. The sections were viewed and photographed at 80 kV on a Philips 301 electron microscope.
Determination of nuclear characteristics
To assess the frequency of nuclear abnormalities caused by crocidolite asbestos, cell cultures that had been exposed to 0 6 mg/ml asbestos for 2 days, 7 days and 14 days, as well as unexposed control cultures of 2 days and 14 days were examined using a phase-contrast light microscope with a X40 objective lens. We analysed 2000 randomly-selected interphase cells in each of the five categories. The cells were scored for presence of a normal nucleus, two nuclei (binucleated), multinuclei (i.e. > two nuclei, including micronuclei) or a reconstituted (polyploid) nucleus.
Results
Most crocidolite fibers are excluded from the mitotic spindle
Crocidolite fiber behavior during interphase and early mitosis in LLC-MK 2 monkey epithelial cells resembled that found in newt lung epithelial cells (32, 36) . Phagocytized fibers underwent saltatory microtubule-mediated movements, which resulted in their accumulation near the nucleus. As a cell entered mitosis and the nuclear envelope broke down, most fibers remained outside the mitotic spindle and away from the chromosomes. Their movement was inhibited by the intermediate-filament cage surrounding the spindle region (32) . As mitosis progressed and the cage collapsed around the spindle, many fibers moved to the edge of the spindle and closer to the chromosomes ( Figures 1A, B and 2A, B) .
Long fibers may become trapped within the intercellular bridge between forming daughter cells
Fibers were at various angles to the spindle during early mitosis ( Figures 1A, B and 2A, B) . In some cells, as the spindle elongated during anaphase and the cleavage furrow developed, one or more fibers were brought to the interzone between the separating chromosomes, by the actin -myosin contractile ring ( Figure 2C, D) . As cleavage progressed, the shorter fibers along with some longer (5* 15 um) ones moved out of the interzone, while the rest were brought by the advancing furrow to the center of an intercellular bridge, i.e. a cytoplasmic channel interconnecting the two daughter cells ( Figures 1C and 2C, D) . Fibers trapped within the intercellular bridge usually made the bridge wider than those found in control cells, which often did not develop a discernible bridge. At the completion of spindle elongation, the ends of long fibers that spanned between the two segregated groups of chromosomes often became closely associated with the forming telophase nuclei (Figure 1C, D) . The asbestos-containing cells that were filmed had one to four fibers within the intercellular bridge at telophase. The trapped fibers ranged in length from 15 to 55 \im (mean = 30.4 (im; 27 fibers in 16 cells).
Crocidolite fibers can slow the rate of furrowing in telophase cells
To ascertain whether the presence of crocidolite fibers in the interzone affected the initiation and rate of furrowing, we compared these parameters in asbestos-containing and control cells. The time of furrow initiation was measured as the length of time from the start of anaphase to the start of furrow formation. Although the asbestos-containing cells took, on average, a longer time to initiate furrowing (7.7 min) than did controls (6.9 min; see Table I ), the difference was not significant (P = 0.1; Mann-Whitney f/-test). However, we did find a significant difference in the rates of furrowing between asbestos-containing and control cells (P < 0.0001; Wilcoxon's rank sum test; see Ref. 39) . During the three periods measured (see Materials and methods) the average furrowing rates for seven asbestos-treated cells was approximately one-half that of the nine control cells (Table I ). The fact that crocidolite fibers in the interzone affected the rate, but not the initiation, of furrowing is in accord with the hypothesis that crocidolite fibers act as a physical hindrance to the actin -myosin contractile ring that defines the cleavage furrow.
Long crocidolite fibers can inhibit cytokinesis
Twelve dividing cells with one or more long crocidolite fibers in the interzone were followed with high-resolution time-lapse video-enhanced light microscopy for periods of 12 to 48 h. In all 12 cells the separation of the two forming daughter cells was delayed, as compared with control cells (which normally completed cytokinesis within 30 min after anaphase onset), and in eight of the cells the daughter cells did not separate by the end of filming. The dividing cells proceeded in one of three ways: (1) they completed cytokinesis after the crocidolite fiber(s) were no longer a physical barrier to the cleavage furrow; (2) their forming daughter cells separated completely except for an intercellular channel containing the crocidolite fiber(s) and later the juxtaposed daughter membranes developed intercellular junctions between the two cells; or (3) the forming daughter cells separated completely except for an intercellular channel containing the crocidolite fiber(s), but subsequently came back together and fused, to form a single binucleated cell.
Cytokinesis occurs only when crocidolite fibers are no longer a physical barrier to the cleavage furrow
Only four of the 12 above-mentioned cells completed division. Cytokinesis was completed only when the trapped crocidolite fibers were not a physical barrier to the cleavage furrow. In two of these cells the intercellular bridge became long and attenuated as the distance between daughter nuclei became greater than 100 (im ( Figure 3A) . The trapped fiber was not associated with either nucleus. The membrane of the intercellular bridge surrounding the fiber showed extensive ruffling activity along the fiber, and the midbody moved back and forth along the intercellular bridge. The cytoplasmic strand of the intercellular bridge eventually split ( Figure 3B ) and the fiber, cytoplasm of the intercellular bridge, and midbody were incorporated into one of the daughter cells ( Figure 3C ). The fiber moved with this cell as the two cells moved further apart ( Figure 3D ).
In the other two cells that completed division, the trapped crocidolite fiber, which was originally associated with both daughter nuclei, eventually lost one of its nuclear attachments.
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The fiber then moved into the daughter cell of the nucleus to which it was still attached. In these two cases, the intercellular bridge was short and the distance between the daughter nuclei remained essentially unaltered throughout filming. The daughter cells remained adjacent and formed membrane junctions along their common edge.
Daughter cells sometimes remain connected by long crocidolite fiber(s) within an intercellular channel
Six of the 12 dividing cells completed division except for an intercellular channel containing the crocidolite fibers. During late telophase in these cells, one to three fibers spanned between the two daughter nuclei ( Figure 2E ). The forming daughter cells remained relatively stationary throughout the time of filming ( Figure 2F, G) ; as a result, the distance between the daughter nuclei stayed the same or increased only slightly (< 10 (im). The daughter nuclei were often irregular and lobulated; electron micrographs show fibers extending between nuclear lobes and intimately associated with the nuclear envelope ( Figure 4A-C) .
Midbodies of this cell group were quite conspicuous during filming. The midbody is a dense disc of material located at the intercellular bridge, containing remnants of the interzonal spindle microtubules (40^2). Plasma membrane bulges ( Figure 4A, inset) , called midbody ridges, make the midbody easily visible with the light microscope ( Figure 2F-H) .
Though the forming daughter cells in this group remained relatively stationary, cell membrane ruffling on either side of the intercellular bridge persisted and eventually brought the membranes of the daughter cells together. The daughter cells remained adjacent and appeared to form membrane junctions along their common edge, as suggested by a slowing down of the ruffling activity of their adjacent membranes (also see Figure 4G ). The midbody was usually situated between these closely juxtaposed cells, surrounding the fiber(s) (Figure 2G , H). This final configuration of cells, fiber, and midbody remained until the end of filming (up to 48 h). Electron micrographs of these late stages show that the fibers were still surrounded by a phagolysosomal membrane ( Figure 4E , F) and that intercellular junctions had formed along the contiguous border of the daughter cells ( Figure 4G ).
Long crocidolite fibers can cause binucleation
Two of the 12 cells were of particular interest because they showed unequivocally one way that long crocidolite fibers may induce genomic changes. In these two cells, karyokinesis was completed, but cytokinesis was sterically blocked by a long crocidolite fiber, resulting in a binucleated cell ( Figure  5 ). An important feature of this cell group was the physical attachment of the daughter nuclei to the fiber that extended between them. This attachment was quite apparent as the two daughter nuclei tried to pull away from each other and extensions of each nucleus were observed running to the fiber (Figure 5A , B; see also Figure 4C, D) . As the two nuclei tugged back and forth, the strands were stretched, but did not break. In one case the crocidolite fiber moved almost completely into one of the forming daughter cells, but still remained connected by a long strand to the nucleus of the other forming cell ( Figure 5C-E) . The midbody, which originally bisected the intercellular bridge ( Figure 5A ), moved off the fiber onto the nuclear extension ( Figure 5B-D) and later disappeared ( Figure 5E ). Over time, membrane ruffling increased the contact between the two daughter cells (Figure 5C-E) . Within approximately 20 h, the nuclei had moved together and the two daughter cells had fused to form a single binucleated cell ( Figure 5F ).
Crocidolite fibers cause an increase in nuclear abnormalities over time
To determine whether crocidolite exposure increased the incidence of nuclear abnormalities over time in LLC-MK 2 (Table II) . Groups of two ( Figures 2G, H and 6C ) or three ( Figure 6D ) cells conjoined by crocidolite fibers were also counted (Table II) .
There was no significant increase in nuclear abnormalities in controls over time, or after 2 days of crocidolite exposure (44 instances of cells connected by crocidolite fibers, however, were observed among the 2000 cells scored). Crocidoliteinduced disruption of cell division was, however, demonstrated by the significant increase in the incidence of polyploid cells (whether binucleated, multinucleated or cells with a polyploid nucleus) occurring between 2 and 7 days of exposure, and between 7 and 14 days (Table II) . Multipolar spindles ( Figure  6E ) were also observed in cultures exposed to crocidolite for 7 days. The percentage of cells in each category of abnormal nuclei increased significantly after 7 and 14 days of crocidolite exposure except for binucleated cells, which did not change between 7 and 14 days (Table II) . This may result either from an increase in cell death (14-day crocidolite-exposed cultures contained fewer cells) or from binucleated cells forming a reconstituted (polyploid) nucleus over time (the percentage of cells with a large polyploid nucleus increased more than any other classification between 7 and 14 days).
Discussion
We have shown unequivocally, for the first time, that individual crocidolite fibers can cause genomic changes by sterically blocking cytokinesis and that fiber length and affinity for the nuclear envelope are important factors. We have directly demonstrated that a single crocidolite fiber can block the final contraction of the contractile ring of the cleavage furrow needed to complete cytokinesis. A fiber long enough to span between, and to become attached to, the two daughter nuclei prevents cytokinesis. As the two potential daughter cells come back together and fuse, a binucleated cell is formed ( Figure  5 ). Blocking cytokinesis and forming a binucleated cell will eventually lead to aneuploid cells as the binucleated cell continues to divide. The resultant binucleated cell has not only twice the number of chromosomes as a normal cell, but also twice the number of centrosomes, the microtubule-nucleating centers that form the spindle poles. As the binucleated cell continues to divide, the increased number of centrosomes will produce multipolar spindles (e.g. Refs 19,20,25; Figure 6E ). Chromosome segregation on multipolar spindles leads to unequal chromosome distribution to daughter cells (e.g. Refs [43] [44] [45] . Some of these aneuploid cells will die, others will continue to divide and differentiate, while others will be transformed and become immortalized (7,8,10). The nonrandomness of chromosomal abnormalities associated with neoplastic development probably starts with natural selection among the different aneuploid cells that are produced by the random distribution of chromosomes on multipolar spindles. Such selected aneuploid cells may then be susceptible to subsequent genetic and chromosomal changes that are highly specific for different types of cancer and that may be independent of asbestos exposure.
Nuclear envelope-fiber attachments appear to occur during telophase when the nuclear envelope first starts forming around each segregated group of chromosomes ( Figure 1C, D) . For a fiber to be attached to both nuclei, it needs to be near each chromosome group. As the nuclear envelope forms closely around the chromosomes, the fiber is excluded, but becomes closely associated with the outside of the nuclear envelope (34) . Affinity for the nuclear envelope by the crocidolite fiber represents, in fact, a nuclear envelope-membrane attachment, since the crocidolite fiber is surrounded by a phagolysosomal membrane (Ref. 34; Figure 4F ).
It has been hypothesized that fiber dimensions are more important than fiber chemistry to the cytotoxic potency and transforming ability of mineral fibers (2, 22, (29) (30) (31) . Indeed, glass fibers appear to be just as potent as similarly sized (average length = 9.5 urn) crocidolite fibers (30; see also Ref. 24 ). However, shortening fibers by milling to 1.7 (im dramatically reduces their transforming ability and shortening them to =£ 1 |im eliminates it altogether (30). Our results fit well with this hypothesis. From our observations, we can assume that all rigid fibers, whether mineral or synthetic, have the potential to block cytokinesis as long as they are long enough to span between the daughter nuclei (approximately 8-20 |im, depending on cell type). Fiber chemistry probably does not play a role in blocking cytokinesis, since the blocking fibers are surrounded by a phagolysosomal membrane ( Figure  4 E,F) . Shortening fibers by milling would dramatically reduce their ability to block cytokinesis, since short fibers could not span between the two reforming daughter nuclei.
Interestingly, though crocidolite fibers have no affinity for chromatin during mitosis (32), they can have indirect attachments to chromatin during and after telophase while outside the nucleus. Chromosomes are connected to the nuclear envelope via the nuclear laminia (46) (47) (48) (49) and therefore are indirectly connected to the crocidolite fiber by nuclear envelope-membrane attachments. A nuclear envelopechromatin strand is observed ( Figures 4C and 5C -E) as a fiber is pulled from a nucleus during the usual tug-of-war between daughter cells trying to separate. Such strands can run deep into the intercellular bridge connecting the two daughter cells ( Figure 4D ). It seems most likely that these strands may break, either when nucleus-fiber attachments break under tension or when the condensed chromatin is freed into the cytoplasm outside the intermediate-filament cage during nuclear-envelope breakdown of the next mitosis. Such breaks would affect one or more chromosomes and could lead to chromosome structural aberrations such as deletions, inversions and translocations as the broken chromosome ends reattach randomly (50) .
There is growing evidence that genomic changes, such as chromosome structural aberrations and chromosome loss, lead to cell transformation and neoplastic progression (5, 8, 51) . Chromosome structural aberrations may activate oncogenes, while chromosome loss may eliminate tumor suppressor genes from the genome. Non-random chromosomal abnormalities such as deletions, translocations and aneuploidy of specific chromosomes have been shown to be associated with asbestosinduced mesotheliomas and bronchogenic carcinomas (7-12). Our demonstration that crocidolite asbestos fibers can sterically disrupt cell division and cause genomic changes strongly supports this hypothesis. Indeed, the concept that multiple sequential changes in the genome are required to initiate and promote tumorigenesis is compatible with the long latency period, from asbestos exposure to malignancy, of asbestosinduced cancers (52) .
